Abstract
Methods
In this cross-sectional study we performed DXA in 40 RTRs with preexisting distal AVF (RTRs-AVF) to assess areal bone mineral density (aBMD) differences between both forearms (three areas) and compared our findings to patients with chronic kidney disease (CKD, n = 40), pre-emptive RTRs (RTRs-pre, n = 15) and healthy volunteers (n = 20). In addition, we assessed relevant demographic, biochemical and clinical aspects.
Results
We found a marked radial asymmetry between the forearms in RTRs with preexisting AVF. The radial aBMD at the distal AVF forearm was lower compared to the contralateral forearm, resulting in significant differences for all three areas analyzed: the Rad-1/3: median (interquartile range) in g/cm 
Introduction
Accelerated bone loss occurs rapidly following renal transplantation and is associated with considerable fracture risk compared to other chronic kidney disease (CKD) patients [1, 2] . During the post-transplant period the major skeletal effects of intense immunosuppression and persistent hyperparathyroidism are cortical and trabecular bone loss [3] [4] [5] . Within the first five years after transplantation, more than one quarter of renal transplant recipients (RTRs) will sustain a fracture, most commonly a low-energy fracture of the extremities [6, 7] . Consequently, evaluation by dual-energy X-ray absorptiometry (DXA) and classification of bone loss at peripheral bone sites are critical for fracture risk assessment and recommended by current guidelines [8] [9] [10] .
In clinical practice areal bone mineral density (aBMD) measured by DXA, is the gold standard for diagnosing bone disease. There is also growing evidence that aBMD by DXA predicts fractures across the spectrum of CKD severity [10, 11] . Distal radius, a peripheral cortical-rich bone, is one of the preferred measuring site for assessing catabolic skeletal effects of hyperparathyroidism and is also predictive for fracture risk in CKD patients [12] [13] [14] [15] [16] . The non-dominant forearm is often utilized as a peripheral measuring site in renal transplant recipients with persistent hyperparathyroidism. The distal forearm is also the preferential site for radiocephalic arteriovenous-fistulas (AVF), which serves as the standard vascular access site for hemodialysis. AVF remain patent in most RTRs long after discontinuation of hemodialysis following successful transplantation. Data on the potential long-term impact of AVF on peripheral bones are scarce and currently available only for hemodialysis patients [17] . No studies in RTRs have been ever conducted investigating the influence of a previously created radiocephalic AVF on peripheral radial bone aBMD measurements and potential diagnostic misclassifications. Thus, the main objective of this cross-sectional study was to explore the impact of the radiocephalic AVF on the ipsilateral radial bone characteristics in RTRs. We conducted aBMD measurements between both forearms in prevalent RTRs with previously created radiocephalic AVF and compared them with forearms measurements in relevant groups including pre-emptive renal transplant patients (RTRs-Pre), CKD-patients with no history of dialysis or AVF placement as well as healthy volunteers.
Subjects and methods

Study participants
All study participants, were recruited within the Department of Nephrology and Hypertension, Bern Inselspital University Hospital, Switzerland. All eligible subjects were 18 years of age and CKD was defined as an estimated glomerular filtration rate (eGFR) of 90 mL/min. RTRs included in our study had documented, stable renal function during one month before study recruitment. Healthy controls (normal kidney function according to age related eGFR calculation, with no microalbuminuria or antihypertensive medications) were recruited among the staff of the Nephrology department. The eGFR was determined by CKD-EPI formula [18] .
RTRs with AVF were on hemodialysis for at least six months before transplantation. Radial AVF in RTRs were located on the same arm during the dialysis period. Preemptive RTRs were transplanted before initiation of maintenance dialysis procedure or AVF surgical creation. Patients with factors that might cause a difference in aBMD between the two forearms that could interfere with results were excluded from the study (i.e. previous forearm fracture, bilateral AVF, vascular stent, or extra osseous calcification based on radiological/DXA examinations). The Ethics Committee of the Canton of Bern, Switzerland, approved the primary study protocol and the subsequent amendments (KEK-082/12, amend. 02/2017). Written informed consent was obtained from all participants.
Clinical assessments
All patients included in the study were surveyed regarding medical history, medication use, history of forearm fractures and previous glucocorticoid exposure. A fragility fracture was defined as a fracture associated with trauma equivalent to or less than a fall from standing height. Medical records were reviewed to assess the primary kidney disease, current medication including 25-hydroxyvitamin D/calcium supplementation as well as reports of AVF surgery, hemodialysis duration, and transplantation data, where applicable. When available, reported fractures were confirmed with X-ray reports. In all subjects, height was measured twice on a wall-mounted Harpenter Stadiometer TM and weight on a calibrated scale.
Laboratory assessment
Each subject reported to the laboratory for blood sampling after fasting overnight. Serum creatinine, calcium and phosphorus analyses were performed using automated techniques (Roche Modular P800, Roche Diagnostics, Manheim, Germany). Serum iPTH was determined using an electrochemiluminescence immunoassay (Cobas, Roche Diagnostics, Mannheim, Germany). Serum 25-hydroxyvitamin D was measured by radioimmunoassay (Gamma B, Immunodiagnostics Systems LTD, Boldon, UK).
Assessment of areal bone mineral density
Areal BMD was measured at the Department of Osteoporosis, University Hospital Bern, Switzerland, by DXA. Scans were performed using a standard DXA device (Hologic QDR 4500 A TM , Hologic, Bedford, MA, USA). BMD was measured at three sites including the distal radius (first third: Rad-1/3, ultradistal: Rad-UD, total: Rad-total) subregions. The manufacturer's software was used to analyze the regions of interest at the proximal femur and the distal radius. Values of aBMD were expressed in g/cm 2 . Validation of assay precision was performed daily using an artificial anthropometric spine supplied by the manufacturer. The overall precision error was 0.3% in vitro, and the mean precision error in vivo in our hands was 1.1%-1.4%.
Statistical analysis
Statistical analyses were performed using Stata1 13.1 (StataCorp, College Station, Texas, USA). Continuous variables of clinical characteristics and covariates of all study participants were compared using the Kruskal-Wallis test and Wilcoxon rank-sum test as post-hoc test since most variables were not normally distributed data. Categorical variables were compared using Fisher's exact test or in case of paired categorical data McNemar's test. The site-to-site differences in bone density parameters of the forearms (aBMD) were compared within each group using the Wilcoxon signed-rank test. Comparison of aBMD% difference (ΔBMD%) between both forearms among RTRs-AVF (ΔBMD% between AVF vs. non-AVF site) and other groups (ΔBMD% between non-dominant vs. dominant site) were calculated using the following formulas: in RTR-AVF [ΔBMD% = (nonAVF − AVF) / non-AVF × 100)] and for all other groups [ΔBMD% = (dominant-non-dominant) / non-dominant × 100)]. Spearman's correlation coefficients were calculated to investigate for any association between ΔBMD and AVF. Continuous data are reported as median (interquartile range, IQR) and categorical data are shown as number (percentage) with a level of significance of p < 0.05.
Results
Characteristics of the study population
The study population consisted of 40 RTRs with AVF, 40 CKD patients, 15 preemptive RTRs and 20 healthy volunteers. Baseline characteristics concerning demographics, clinical parameters and medications of the study population are shown in Table 1 .
Due to the heterogeneous groups, no statistical tests were performed concerning baseline characteristics. All RTRs with AVF had been on dialysis for at median of 27 months before renal transplantation. Most of them had a still functioning AVF at the non-dominant forearm. The most common etiology of primary kidney disease in all patient groups was glomerulonephritis. The standard transplantation immunosuppressant regimen at our center consists of quadruple therapy with baxiliximab, calcineurin inhibitors (primarily cyclosporin A), antimetabolites (primarily mycophenolate mofetil), and steroids which are tapered slowly. Baseline laboratory values including intact serum PTH and vitamin D levels are shown in Table 1 .
Evaluation of aBMD between forearm aBMD measurements
aBMD evaluation of the forearm in RTRs revealed a significant and negative impact of AVF to the ipsilateral to AVF radius site ( Table 2) .
The aBMD at the AVF forearm site was significantly lower than at the forearm without AVF. This observation was evident in all subregions of the AVF radius sites, i.e. at the 1/ Comparison between aBMD forearms subregions (dominant forearm vs. non-dominant forearm) in CKD patients (n = 40, CKD), in the healthy control group (n = 20, Healthy), and in preemptive renal transplantation group (n = 15, RTR-Pre) are shown in Table 3 .
All other analyzed groups, including the CKD-, and the healthy control group which had no history of any hemodialysis treatment or the RTR-Pre with no history of AVF surgical creation on either forearm showed no significant differences between the dominant and non-dominant forearm aBMD measurements. Also, no site-to-site differences were observed in Tscores between forearms.
Evaluation of percent difference of aBMD (ΔBMD%) between forearms and correlation between AVF-use period and ΔBMD%
The comparison of aBMD percentage difference (ΔBMD%) between forearms of all groups (Table 4) were calculated based on the concept that the AVF forearm in RTRs-AVF group corresponds to the non-dominant forearm in subjects with CKD, healthy patients, and preemptive transplanted patients. In all studied subregions (Rad-1/3, Rad-total, and Rad-UD), there was at least a tendency (p<0.1) of a different distribution of the medians of ΔBMD% between the four studied groups. Apart from preemptive transplanted patients, the median of RTR patients was significantly higher compared to the median of ΔBMD% in the healthy group and CKD group in all subregions.
Finally, no significant correlation was found by analyzing the impact of the time period between AVF surgical creation until renal transplantation (AVF-use) to the magnitude of the 
Discussion
Due to the previous longstanding history of CKD, persistent post transplantation hyperparathyroidism, high doses corticosteroids after transplantation and various mineral and bone disorders virtually all RTRs are vulnerable to rapid cortical and trabecular bone loss. Thus, early evaluation of peripheral cortical bone sites by DXA, particularly in RTRs with longstanding hyperparathyroidism, is crucial for accurate fracture risk assessment and therapy initiation.
Our study set out to analyze the impact of a preexisting forearm AVF on the radius of RTRs. A marked radial asymmetry was found in RTRs with preexisting AVF between the site ipsilateral to the AVF compared to the contralateral site, resulting in significant differences between all forearm subregions analyzed including Rad-1/3, Rad-UD, and Rad-total. In contrast, no such asymmetries were observed between radial aBMD measurements of forearms in preemptive RTRs, CKD patients or healthy subjects. Furthermore, lower aBMD at the AVF forearm subregions caused diagnostic misclassification and resulted in more osteoporotic cases.
Although this is the first study reporting the negative impact of the aBMD of the distal radius in RTRs, our findings are in accordance with a previous study conducted in long-term hemodialysis patients. Muxi et al. analyzed 30 long-term end stage renal disease patients on hemodialysis and found that the ipsilateral to AVF forearm had significantly lower aBMD values than the contralateral site in all locations analyzed [17] . A marked peripheral bone asymmetry between the dominant and non-dominant radius has been also shown in active tennis players exposed to asymmetrical mechanical loading, particularly in those who started playing during pre-or early puberty [19, 20] . In the general population, as in our healthy control group, numerous studies have reported no site-specific differences for the densitometric properties of the radius [21] [22] [23] [24] . Consequently, based on current findings, site-to-site radial differences within the general population seems to be negligible, and whilst measurable in some athletes, is considered exercise-induced. In hemodialysis and transplant patients with a peripheral vascular access the site-specific decrease in radial density is probably attributable to the local effects of the AVF. Moreover, these negative effects on radial bone seem to be AVF specific since radial aBMD asymmetry was not present in preemptive RTRs. Although the exact pathomechanism behind the site-specific AVF-induced reduction in radial aBMD is unknown, several studies have indicated that blood flow changes can negatively influence the bone geometry of the extremities [25] [26] [27] . Possible mechanisms for this include aberration of blood flow to adjacent bones resulting in subsequent hypoperfusion and elevated sympathetic tone. Bone remodeling secondary to the pulsating pressure of an AVF or fistulapseudoaneurysms may also lead to significant bone loss and erosion of nearby bones, similar to vertebral body lesions resulting from pulsating abdominal aneurysms [28] [29] [30] . In our study no significant correlation was found by analyzing the impact of the time period between AVF placement until renal transplantation (AVF-use) to the magnitude of the radial site difference. In addition, several other factors such as prolonged immobilization, underuse of the fistula The effect of distal arteriovenous-fistula on radial bone DXA measurements PLOS ONE | https://doi.org/10.1371/journal.pone.0200708 July 26, 2018 arm, and the severity of CKD-associated hyperparathyroidism can alter the bone structure of the forearm bone and have a negatively impact on bone mass measurements [31, 32] . PTH excess in patients with already established CKD is also characterized by site-specific skeletal effects concerning both bone density and structure [33, 34] . The diagnostic usefulness of DXA for fracture risk prediction in the CKD population has long been under debate. Growing evidence from several trials suggests that low aBMD measured by DXA at the radius and hip can predict future fractures in patients with predialysis CKD, on hemodialysis and in RTRs [11, [35] [36] [37] . However, our findings suggest that assessing aBMD at the radial site ipsilateral to AVF can result in diagnostic misclassification due to a significant and site-specific reduction in aBMD. If such AVF-related differences are already detectable with a 'low resolution' method such as DXA, then results derived from high-resolution peripheral quantitative computed tomography (HR-pQCT) could be far more erroneous. As our results agree with previous findings from patients under hemodialysis, measurement of the contralateral side to the AVF, or assessment of both forearms in patients with impaired renal function and secondary hyperparathyroidism should be considered. This is particularly important in research and in clinical settings as well.
Our study does have some limitations. Most importantly, this was a cross-sectional trial and therefore it is not possible to definitively conclude that AVF causes the asymmetry in radial bone density. Several factors other than the AVF which can affect bone characteristics, such as activity levels, lifestyle and dietary factors, were not addressed. Also the dominant forearm may have an impact on radial bone characteristic, an effect described in the literature mostly among highly trained athletes. This study included predominantly a Caucasian cohort of ambulatory dwelling subjects, with a small number of individuals with preemptive transplantation performed, most of them with secondary hyperparathyroidism and immunosuppression according to our local protocols, potentially limiting the translation of our findings to other ethnic groups and RTR cohorts under steroid-sparing regiments. On the other hand, possible local interferences were canceled out by patient selection criteria and contralateral forearm evaluation on the same person. The group selection including a healthy group and RTRs without any history of long term hemodialysis treatment or AVF placement further support our findings although we didn't analysed central skeletal measuring sites.
In conclusion, our findings suggest that in RTRs a previously placed AVF may exert a negative impact on the ipsilateral radius resulting in site-to-site aBMD differences, which are detectable by DXA and can result in diagnostic misclassification. Measurement of both forearms should be considered in RTRs with preexisting AVF in order to avoid diagnostic misclassifications. Longitudinal studies are required to determine the mechanism of AVF-induced radial bone deterioration.
